Over the past two decades, single-walled carbon nanotubes (SWCNTs) have received much attention because their extraordinary properties are promising for numerous applications 1, 2 . Many of these properties depend sensitively on SWCNT structure, which is characterized by the chiral index (n,m) that denotes the length and orientation of the circumferential vector in the hexagonal carbon lattice. Electronic properties are particularly strongly affected, with subtle structural changes switching tubes from metallic to semiconducting with various bandgaps. Monodisperse 'single-chirality' (that is, with a single (n,m) index) SWCNTs are thus needed to fully exploit their technological potential 1, 2 . Controlled synthesis through catalyst engineering [3] [4] [5] [6] , endcap engineering 7 or cloning strategies 8, 9 , and also tube sorting based on chromatography 10, 11 , density-gradient centrifugation, electrophoresis and other techniques 12 , have delivered SWCNT samples with narrow distributions of tube diameter and a large fraction of a predetermined tube type. But an effective pathway to truly monodisperse SWCNTs remains elusive. The use of template molecules to unambiguously dictate the diameter and chirality of the resulting nanotube 8, [13] [14] [15] [16] holds great promise in this regard, but has hitherto had only limited practical success 7, 17, 18 . Here we show that this bottomup strategy can produce targeted nanotubes: we convert molecular precursors into ultrashort singly capped (6, 6) 'armchair' nanotube seeds using surface-catalysed cyclodehydrogenation on a platinum (111) surface, and then elongate these during a subsequent growth phase to produce single-chirality and essentially defect-free SWCNTs with lengths up to a few hundred nanometres. We expect that our onsurface synthesis approach will provide a route to nanotube-based materials with highly optimized properties for applications such as light detectors, photovoltaics, field-effect transistors and sensors 2 . Recent work has produced non-planar carbon-based nanostructures such as fullerenes, carbon pyramids, and buckybowls from their corresponding quasi-planar polycyclic aromatic hydrocarbon precursors through surface-catalysed cyclodehydrogenation (CDH) [19] [20] [21] . We have extended the methodology to the synthesis of ultrashort singly capped SWCNTs, that is, a SWCNT end cap with a short tube segment attached. Such molecules represent ideal seeds for subsequent epitaxial elongation into isomerically pure SWCNTs. Formally, this approach mimics the conventional synthesis of SWCNTs by the root-growth mechanism, in which nanotube growth starts by nucleation of an end-cap fragment on a metal nanoparticle 22 . The key point is to avoid uncontrolled, spontaneous nucleation of end caps by providing atomically precise ultrashort nanotube seeds which unambiguously dictate the chiral index of SWCNTs forming on epitaxial elongation. Precursor P1 (C 96 H 54 ; Fig. 1 ) was designed and synthesized by multistep organic synthesis to tackle this challenge (for details, see Methods). Upon intramolecular CDH it affords seed S1, an ultra-short singly capped (6,6) SWCNT bearing a carbon nanotube segment. The selective growth of (6, 6) SWCNTs is illustrated in Fig. 1 and combines two steps: (1) formation of seed S1, and (2) subsequent epitaxial elongation. The first step is realized by depositing precursor P1 on a Pt(111) surface followed by annealing to 770 K under ultrahigh vacuum conditions to induce the surface-catalysed CDH reaction (Fig. 2a, b) . The second step, epitaxial elongation, is achieved by the incorporation of carbon atoms originating from the surface-catalysed decomposition of a carbon feedstock gas ( Fig. 3a-c) . Figure 2c shows a scanning tunnelling microscopy (STM) image acquired after depositing P1 on Pt(111). No step decoration or island formation is observed. Interactions with surrounding molecules and step edges are thus largely suppressed and ensure subsequent unperturbed CDH of the precursor 19, 20 . For the majority of the as-deposited precursors, STM reveals a three-fold symmetric conformation. However, the intrinsic Fig. 1 ). An example of a molecule with its three outer biphenyl groups located closest to the surface is shown in Fig. 2e , together with the corresponding STM simulation based on the extended lowest unoccupied molecular orbital (LUMO; see Methods). The excellent agreement between STM image and simulation (Extended Data Fig. 1 ) indicates that the different topographic features observed for the adsorbed precursors can be attributed to the different adsorption geometries. Importantly, the stereoisomerism does not affect the CDH process, since all chiral centres will disappear during intramolecular cyclization. Although P1 is designed to yield seed S1, the conformational flexibility of the peripheral biphenyl groups leads partially to undesired adsorption geometries. In contrast to the stereoisomers discussed above, these molecules will follow a different CDH pathway, ending in the formation of undesired buckybowls (Extended Data Fig. 2) . A statistical analysis of more than 100 precursor monomers observed by STM revealed that more than 50% adopt the desired configurations (Extended Data Fig. 1 ). Most importantly, the condensation products of precursor molecules exhibiting 'wrong' conformations cannot act as seeds for the subsequent CNT growth process via epitaxial elongation, and thus will not affect the selectivity of SWCNT formation.
Surface-catalysed CDH of precursors (P1) into seeds (S1) is induced by annealing at 770 K for 10 min. STM images (Fig. 2d) show that the originally quasi-planar three-fold symmetric molecules transform into dome-shaped species with a prominent increase in apparent height from 2 to 4.5 Å (Fig. 2f) . Additional proof of successful dehydrogenation of P1 into S1 derives from the good agreement of high-resolution STM images and simulations of the frontier molecular orbitals of S1 (Fig. 2g ). Both results demonstrate the successful formation of the targeted singly capped ultrashort (6,6) SWCNT S1.
In the second step, the surface-anchored seeds S1 are grown into (6,6) SWCNTs via epitaxial elongation by exposing them to a carbon feedstock gas such as ethylene or ethanol at temperatures between 670 and 770 K (see schematic illustration in Fig. 3a-c) . The pre-synthesized seeds S1 are extended by catalytic epitaxial elongation, which consists of a consecutive incorporation of carbon atoms (schematically shown as C 2 ) originating from the decomposition of ethanol or ethylene. The open part of S1 is already in the required contact with the Pt(111) surface, which catalyses further epitaxial elongation. In order to unambiguously demonstrate the activity of S1 in an epitaxial elongation process, the results of low exposures to carbon feedstock gas were followed in situ by STM. Low doses of ethylene at 770 K produce a substantial increase in apparent height from 4 to 20 Å (Fig. 3d-g ). After exposure to 1 Langmuir (L) of ethylene, about 18% of the initially deposited precursors P1 have ) over an as-deposited precursor P1 (grey line) and the seed species S1 obtained after annealing to 770 K (black line). g, Close-up STM images taken at 21 V and 0.1 V of (6,6) SWCNT seed S1 (left) and the corresponding simulations of HOMO and LUMO, respectively (greyscale, right). 
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grown into SWCNTs, a density that remains constant for higher exposures of 5 L. Exposure to yet higher doses of ethylene or ethanol produces strong changes in the surface topography and makes STM imaging increasingly difficult (Fig. 3h) . The topography becomes rough and the Pt surface is no longer discernible. Careful examination of the STM images reveals the presence of one-dimensional structures lying across the surface (Fig. 3h) , with an abundance of about 5 per mm 2 and observed lengths exceeding 200 nm. High resolution images of the elongated structures (Fig. 3i) reveal an internal structure of higher contrast lines along the direction of the tube axis. A superimposed structural model clearly shows that these lines are indeed the carbon positions of the graphene structure in a (6,6) SWCNT. In all cases where atomic resolution of the tubes could be achieved, the structure proved to be consistent with a (6,6) SWCNT. The outstanding agreement of both the orientation and the periodicity of the graphene lattice with those expected demonstrate that the onedimensional structures are the targeted (6,6) SWCNTs, bent horizontally across the sample surface.
To further corroborate the density and length of the horizontally aligned SWCNTs, the above sample was imaged with a scanning helium ion microscope (SHIM). Tubes longer than 300 nm and with diameters below 2 nm (the resolution limit) could be observed (Extended Data Fig. 3) , with a density of 3-4 tubes per mm 2 that is similar to the density estimated from STM images (5 per mm 2 ). We note that both STM and SHIM can only image horizontally aligned SWCNTs, but do not give access to vertically aligned SWCNTs.
To shed light on the orientation of the SWCNTs and to characterize the selectivity of the growth process, Raman characterization was performed. Measurements with the illuminating laser beam at normal incidence (perpendicular to the surface plane) yielded extremely low intensities; the G band, the most intense feature at around 1,590 cm 21 , is very weak (grey curve in Fig. 4a ). However, when samples were measured under an illumination angle of 30u, all bands increased significantly in intensity (black curve in Fig. 4a) , as expected for a dominant fraction of SWCNTs oriented perpendicular to the surface. The polarizability of these vertically oriented tubes with the illuminating laser beam at normal incidenceand thus the electromagnetic field vector perpendicular to the tube axis-is drastically reduced, resulting in weak Raman intensities 23 . A predominantly vertical alignment of the SWCNTs is consistent with the observation that in SHIM images some CNTs appear to shake under the ion beam (Extended Data Fig. 3) , and with the rough surface seen in STM. It also implies that the overall SWCNT density is expected to be significantly higher than that estimated from the STM and SHIM data.
More importantly, the Raman spectra demonstrate the high selectivity of our growth process, which produces (6,6) SWCNTs exclusively. The spectrum shown in Fig. 4b presents clearly defined bands at the positions expected for (6,6) SWCNTs. The band at 295 cm 21 is associated with the radial breathing mode (RBM) whose frequency depends strongly on the nanotube diameter 23 . Empirical equations predict an RBM frequency of 280-295 cm 21 for (6,6) SWCNTs 23 . Experimentally, the RBM for (6,6) SWCNTs deposited on SiO 2 has been reported at around 289 cm 21 (ref. 24 ), but it is well known that the substrate plays a crucial role in the RBM position, explaining the small deviation observed 25 . Most importantly, our Raman spectra do not show any further bands within the RBM range (200-400 cm 21 ), which underlines the extremely high selectivity of the process. Another notable characteristic of the RBM is the exceptionally small width observed (the full-width at half-maximum, FWHM, is 3.5 cm
21
, limited by the resolution of the instrument), which is as small as that from isolated individual small diameter SWCNTs (an FWHM of 3 cm 21 ) 26 . The Raman spectra reported here average over a large area (beam diameter 1.5-10 mm (inset in Fig. 4b) ), and thus reflect the properties of a large number of SWCNTs. The narrow RBM peak therefore demonstrates a very high degree of monodispersity.
The G band appears as a double peak at 1,518 and 1,591 cm
. The significant curvature in small diameter SWCNTs causes a shift to lower frequencies of the optical vibrations associated with transverse (perpendicular to the tube axis) atomic displacements (the G 2 band) 27 . Although, to our knowledge, this splitting has not been observed experimentally for a (6,6) SWCNT, the G 1 and G 2 band splitting (Dv G ) has been predicted to be 83 cm 21 (ref. 28) , in good agreement with the splitting that we observe (Dv G 5 73 cm
). The additional peaks in the range from 400 to 1,200 cm 21 have previously been observed and used as evidence for the presence of armchair SWCNTs, since no peak in this range is present for semiconducting tubes 29 . Finally, the absence of any D band in the Raman spectra (Fig. 4b) further underlines the extreme cleanliness of our process that yields not only predefined single-chirality but also essentially defect-free SWCNTs.
These findings clearly illustrate that the use of a planar metal surface instead of metal nanoparticles effectively supresses spontaneous cap formation and that this, in combination with the use of a suitable precursor species to produce a desired cap, enables highly selective SWCNT fabrication. The entire in situ process and the low temperatures involved in both the CDH step (770 K) and the subsequent epitaxial elongation (670 K) are fully compatible with complementary metal oxide semiconductor (CMOS) technology, and our methods might therefore solve two pivotal challenges in the realization of CNT-based integrated circuits for digital electronics: to provide SWCNTs with identical electronic properties, and to integrate these SWCNTs in device architectures (which may be achieved by site-specific deposition of the molecular precursor and/or the catalyst film). However, further progress that aims to be technologically relevant requires a process with higher growth yields that ideally approach unity. While we see considerable scope for optimization of the present process (in terms of catalyst, temperatures, pressures, and so on), an alternative is to replace the substrate-catalysed epitaxial elongation step by a more efficient process, such as hot filament chemical , which is characteristic of (6,6) SWCNTs.
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vapour deposition 30 . This would also allow more flexibility in independently optimizing seed formation and tube elongation while simultaneously suppressing spontaneous SWCNT growth at both stages. Another logical extension of the process is to other SWCNTs where subtleties related to the chiral index of the seed may come into play.
Online Content Methods, along with any additional Extended Data display items and Source Data, are available in the online version of the paper; references unique to these sections appear only in the online paper.
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METHODS
Substrates and surface preparation. Pt(111) single crystals (Surface Preparation Laboratory, The Netherlands) were used as substrates for (6,6) SWCNT synthesis. The base pressure of the ultrahigh vacuum system was at 5 3 10 211 mbar. Surface cleaning was performed by standard cycles of sputtering with 1 keV Ar 1 ions, first at room temperature and then at 1,100 K, followed by a last flash annealing to 1,370 K without ion bombardment. Preparation of (6,6) SWCNT seeds S1. Precursor molecules C 96 H 54 were deposited in ultrahigh vacuum from a Knudsen-cell type evaporator onto a previously cleaned Pt(111) surface held at room temperature. The strong interaction between metal surfaces from the platinum group and polycyclic aromatic hydrocarbons largely suppresses the mobility of the adsorbed molecules, as revealed by the avoided step decoration or island formation. Thus interactions with surrounding molecules and step edges are largely suppressed, allowing for the unperturbed CDH of the precursor in the following step. A post-annealing at 470 K reduced significantly the surface contaminants without triggering the intramolecular dehydrogenation of the molecules. Further annealing at 770 K induces the complete CDH of the molecules forming the desired (6,6) SWCNT seeds S1. Epitaxial elongation. The carbon source used for elongation was ethylene or ethanol (no significant differences between the use of ethylene or ethanol as carbon feedstock were noticed) that was dosed through a ultrahigh vacuum leak valve at a pressure of 1 3 10 27 mbar while the substrates were heated to temperatures between 400 and 500 uC for a duration of 30 and 60 min, achieving doses of 140 and 270 L, respectively (1 Langmuir (L) is the dose resulting from exposure to a partial pressure of 1.3 3 10 26 mbar for one second). For better control on low exposures, a pressure of 1 3 10 28 mbar was used to achieve doses of 1 and 5 L. Longer growth times or higher pressures were not explored to avoid too long recovery times of the ,10 210 mbar base pressure of the ultrahigh vacuum system used. Simulations. The HOMO/LUMO simulations were carried out on AMBER force field relaxed structures of the precursor monomer P1 and the (6,6) SWCNT seed S1. Charge density contours of the frontier orbitals were computed by extended Hückel theory with the HyperChem 7.5 software. Characterization methods. STM measurements were performed in constant current mode using an Omicron LT-STM with liquid nitrogen cooling (77 K). The scanning parameters for the STM images shown in the manuscript were: Mass spectra were recorded on a Shimadzu AXIMA Resonance spectrometer. NMR spectra were measured at 20 uC. R f values were determined either on silica gel coated TLC-PET sheets with fluorescent indicator for 254 nm excitation wavelength (silica gel layer thickness 0.25 mm, medium pore diameter 60 Å , Fluka), or on neutral aluminium oxide coated TLC aluminium plates with fluorescent indicator for 254 nm excitation wavelength (DC Aluminiumoxid 60 F 254 , medium pore diameter 60 Å , Merck). Chromatographic purifications were carried out with flash grade silica gel Kieselgel 60 (0.06-0.2 mm). Unless otherwise stated, all reactions were performed under an argon atmosphere. The commercially available reagents were used as received without further purification. Precursor synthesis. The SWCNT precursor P1 was obtained by multistep organic synthesis according to the synthetic route shown in Extended Data Fig. 4 . Benzo[c] phenanthrene, 2-bromo-6-methyl (1) was obtained by standard Wittig reaction of 2-acetonaphthone with (4-bromobenzyl)triphenylphosphonium bromide and subsequent photocyclization. Suzuki coupling of 1 with 2-biphenylboronic acid gave 2. Benzylic bromination with N-bromosuccinimide and following treatment with sodium cyanide in DMSO gave 4. The cyano-compound was then hydrolysed to the corresponding acetic acid and converted to 6 in two steps. First, reaction with thionylchloride gave the acid chloride, which was then used in a Friedel-Crafts acylation to achieve ring closure. The last synthetic step, the conversion to precursor P1, was carried out by aldol cyclotrimerization using either TiCl 4 or Brønsted acid conditions. Both cases lead to the desired trimer in satisfying yield. Benzo[c]phenanthrene, 2-bromo-6-methyl (1). 15.4 g (47.8 mmol) of [2-(4-bromophenyl) propenyl]naphthalene (the mixture of cis/trans isomers was used for photocyclization without any additional separation since both isomers interconvert under UV irradiation) were dissolved in 1 l of cyclohexane in a photochemical reactor. After addition of 13.4 g of iodine (52.6 mmol), argon was bubbled through the stirred solution for 15 min. An excess of propylene oxide (55.5 g, 67 ml, 0.96 mol) was then added and the solution was irradiated for 8 h. To remove residual iodine, the resulting mixture was washed with aqueous Na 2 
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C 96 H 54 (P1). Method A. A mixture of compound 6 (20 mg, 0.05 mmol), p-toluene sulphonic acid monohydrate (38 mg, 0.2 mmol), propionic acid (0.015 ml, 0.2 mmol) and o-dichlorobenzene (2.4 ml) was transferred in a glass ampoule of 1 cm diameter. The glass ampoule was evacuated and sealed by melting while the reaction mixture was frozen by liquid nitrogen to prevent the solvent evaporating. The mixture was heated at 180 uC for 16 h. After cooling down, the mixture was poured into 20 ml of methanol. Addition of aqueous NaOH solution resulted in a precipitate which was subsequently vacuum filtered and washed with methanol, H 2 O, acetone, CH 2 Cl 2 and petroleum ether, resulting in a yellow powder (13 mg, 0.01 mmol, 65% yield).
Method B. A mixture of compound 6 (20 mg, 0.05 mmol), 2.4 ml of o-dichlorobenzene, and 0.033 ml of TiCl 4 (6 M equiv., 0.3 mmol) was transferred in a glass ampoule and sealed. The ampoule was heated at 180 uC for 16 h. After cooling down, the glass ampoule was opened and the mixture was poured into 50 ml of acetone. The precipitate was filtered, washed with acetone, DCM, and petroleum ether resulting in a yellow-brown solid (16 mg, 80% yield). The compound was additionally purified by sublimation. No detectable decomposition as monitored by MS was observed after sublimation at 550 uC, P 5 10 24 mbar (see Extended Data RESEARCH LETTER
